ABSTRACT
INTRODUCTION
Amphibians and lower vertebrates, such as zebrafish, exhibit a high capacity for cardiac regeneration throughout their lifespan and are capable of full recovery from significant injury, in part, through proliferation of existing cardiomyocytes. 1, 2 Recently, studies have shown that mice also maintain a significant capacity for cardiac repair and regeneration following injury such as apex resection or myocardial infarction (MI), particularly if the injury occurs within the first days of life. 3, 4 Such endogenous repair mechanisms, however, are largely lost within 7 days after birth and remain absent in adult hearts, with evidence of limited regeneration of unclear functional significance following injury. 5, 6 Understanding the mechanisms that give rise to cardiac repair and regeneration early in neonatal mouse hearts may reveal new therapeutic strategies to enhance endogenous regenerative mechanisms in the adult heart following MI.
MicroRNAs (miRs) are small non-coding RNA molecules that are critical to a large array of cellular processes, such as survival and growth in health, aging and disease. [7] [8] [9] miRs act in part through coordinated modulation of multiple genes and subsequent downstream gene networks to bring about complex changes in cellular behavior. [10] [11] [12] miR-34a, one of the three members of the miR-34 family, has been found to be a suppressor of cellular proliferation, including in cancer cells. It also regulates normal functions including cell differentiation and organ development. [13] [14] [15] Moreover, miR-34a has been noted to be upregulated over time in endothelial cells and cardiomyocytes, 16, 17 with cardiac injury, [17] [18] [19] and in patients with heart failure. 20 While inhibition of miR-34a may protect against the decline in cardiac function with aging, 17 it is less clear whether this may be beneficial in models of post-MI cardiomyocyte proliferation and regeneration. 17, 19 Furthermore, the role of miR-34a in regulating endogenous cardiac regeneration in the early post-natal heart remains largely unknown.
In this study, we reveal that cardiac miR-34a levels are low in the early post-natal period, in conjunction with preserved regenerative capacity, and soon rise to adult levels within one week following birth. Overexpression of miR-34a in early post-natal mice was found to limit cardiomyocyte proliferation and cardiac regeneration with injury. Conversely, antagonism of miR-34a improved post-MI cardiac function in adult mice in part through modulation of cell cycle and survival genes, including Bcl2, Cyclin D1 and Sirt1. Collectively, our findings support miR-34a as a key parameter regulating endogenous postinjury cardiac repair and regeneration.
METHODS

Animal models.
Eight week old male C57BL/6J and pregnant female mice (E16) (#027) were purchased from Charles River Laboratories and housed in a temperature-controlled environment with 12 hours light/dark cycles with food and water available ad libitum. MI was generated by ligating the main branch coronary artery in mice one day post birth (neonatal) or at 8 weeks of age (adult) as described previously. 21 For surgical MI, adult mice were anesthetized with isofluorane (2%). A rodent ventilator (model 845; Harvard Apparatus Inc.) was used to supply oxygen with 2% isofluorane during the surgical procedure. Neonatal mice were anesthetized on ice for 6 minutes and kept on ice during the surgical procedure. Adult and neonatal chests were opened by a horizontal incision through the muscle between the fourth and the fifth intercostal space. The pericardium was then removed in adult mice only. The descending coronary artery was permanently ligated with a suture: 8-0 prolene (BV175-7) for adults and 10-0 nylon (BV100-4) for neonates. After surgery, the thoracic wall and skin were closed with sutures: 5-0 absorbable (CV-23) for adult and 8-0 prolene for neonates. Sham operated animals underwent an identical surgical operation without occlusion of the coronary artery. To prevent any post-operative discomfort, adult animals received buprenorphine (0.03-0.06 mg/kg). All animal procedures were performed under the guidelines of Harvard Medical School, the Institutional Animal Care and Use Committee (IACUC), and the National Society for Medical Research. miRNA mimic and LNA miRNA inhibitor delivery. Immediately after neonatal MI, a miR-34a mimic (miRIDIAN) or control miRNA mimic was injected intramyocardially into each mouse (5mg/kg). Six hours and 2 days after MI in adults, a miR-34a LNA inhibitor (miRCURY) or control LNA inhibitor was injected intravenously via tail vein into each mouse (5mg/kg). Non-invasive transthoracic echocardiography, performed as previously described, 22 was used to determine the extent of initial injury four hours following MI. Structural and functional alterations were also evaluated through non-invasive transthoracic echocardiography at one, three and seven days following cardiac injury.
An expanded Methods section is available in the Online Data Supplement.
RESULTS
Cardiac regeneration in neonatal hearts is associated with increased cell cycle activity.
To examine cardiac regenerative capacity in neonatal and adult mouse hearts, MI was induced in 1-day-old neonatal and 8-week-old adult mice by coronary ligation. The degree of cardiac injury was determined by decrements in contractile function using non-invasive transthoracic echocardiography four hours post-surgery, and was comparable with MI in neonatal and adult animals ( Figure 1A ) at similar heart rates (Online Figure I) . Similarly, early post-MI cell death was comparable between neonatal and adult hearts, with similar degrees of TUNEL staining ( Figures 1B and 1C) . Following MI, cardiac performance progressively declined in adult hearts relative to sham-operated counterparts, with reduction in cardiac function ( Figure 1D ) and dilatation of ventricular chambers ( Figure 1E ). In contrast, while early indices of cardiac performance were reduced in neonatal hearts with injury, cardiac function and chamber dimensions were restored to baseline sham levels within seven days post-MI, consistent with significant cardiac recovery ( Figures 1F and 1G) . Likewise, whereas adult hearts underwent cardiac remodeling following injury with increased heart weight to body weight ratios (HW/BW) ( Figure 1H ), neonatal HW/BW ratios were comparable to sham operated controls ( Figure 1I ). Consistent with cardiac recovery, neonatal hearts post-MI exhibited limited fibrotic tissue replacement (Figures 2A and 2B ) and increased cardiomyocyte cell cycle activity ( Figures 2C and 2D ). In contrast, adult hearts post-MI exhibited very limited cardiomyocyte proliferation. Note that collagen fibril formation was not mature at 1 day post-MI, and was therefore not quantified using staining with Masson's Trichrome.
miR-34a expression is increased in adult but not in neonatal mouse hearts post-MI.
Expression of miR-34 family members (miR-34a, miR-34b, and miR-34c) was examined in the mouse left ventricle (LV), intestine (Intn), skeletal muscle (Sk-m), lung and liver tissues, with miR-34a found to be most highly expressed in heart tissue ( Figures 3A-C) . Using in situ hybridization, we found that miR-34a is expressed in both cardiomyocytes and non-cardiomyocytes within the heart ( Figure 3D , U6 and scrambled miRNA control in Online Figure II) . Real time PCR revealed a similar degree of miR-34a expression between neonatal rat cardiomyocytes and neonatal rat cardiac fibroblasts ( Figure 3E ), with increasing expression over the first week of life, reaching adult levels at one week post-birth ( Figure 3F ). With cardiac injury, miR-34a levels remained low in early post-natal hearts ( Figure 3G ), whereas in adult hearts, miR-34a levels initially declined within 24 hours post-cardiac injury and then increased progressively within one week post-MI ( Figure 3H ).
miR-34a overexpression prevents post-MI recovery in neonatal hearts.
To determine if miR-34a modulates post-MI cardiac regeneration in early post-natal hearts, miR34a levels were augmented by delivery of a miR-34a mimic to the myocardium at the time of MI with confirmed miR-34a sustained expression at 7 days post-injection ( Figure 4A ). Increased miR-34a levels inhibited functional post-MI recovery in neonatal mouse hearts ( Figure 4B ), whereas no effect was observed with delivery of a control miR mimic ( Figure 4C ). miR-34a overexpression reduced post-MI cardiomyocyte proliferation ( Figures 4D and 4E ), increased programmed cell death ( Figure 4F and Online Figure III ) and resulted in greater tissue fibrosis ( Figures 4G and 4H ). Collectively, these results suggest that low miR-34a levels in the early post-natal heart enable cardiac regeneration.
Inhibition of miR-34a improves cardiac function in adult hearts post-MI.
To determine if antagonizing miR-34a enhances cardiac regeneration in adult hearts, LNA based anti-miR-34a (LNA-34a) or scrambled negative control (LNA-NC) was delivered intravenously at six hours and two days following MI in adults (Online Figure IVA) . LNA-34a effectively inhibited miR-34a expression levels ( Figure 
miR-34a overexpression inhibits neonatal cardiomyocyte cell cycle progression and survival.
To determine whether miR-34a regulates cardiac regeneration in a cell autonomous manner, neonatal cardiomyocytes were directly transfected with a miR-34a mimic in vitro. Immunostaining of Dy547-labeled miRNA mimic suggested efficient entry into neonatal cells ( Figure 6A ) with a transfection yield of 97.4 ±1.6%, and specific upregulation of miR-34a expression ( Figure 6B ) without change in the expression of other miR-34 family members such as miR-34c ( Figure 6C ). Increasing expression levels of miR-34a reduced incorporation of the thymidine analogue, EdU, in neonatal cardiomyocytes suggesting inhibition of entry into S phase of the cell cycle ( Figures 6D and 6E) . Moreover, direct overexpression of miR-34a induced cell death in neonatal cardiomyocytes ( Figures 6F and 6G ). These data indicate that miR34a directly modulates cardiomyocyte proliferation and survival in a cell autonomous manner.
miR-34a regulates cardiomyocyte proliferation and survival through expression of Bcl2, Cyclin D1 and Sirt1.
To identify potential miR-34a targets responsible for modulating proliferation and survival of cardiomyocytes post-MI, we examined genome wide microarray mRNA expression, and focused on those genes selectively downregulated in adult hearts relative to neonatal counterparts, with seven genes predicted as miR-34a targets. We further prioritized follow up investigations of four genes, Sirt1, Cyclin D1, Bcl2 and Jag1, previously implicated in cellular aging, cell cycle activity, survival and the Notch pathway, all potentially important components of cardiac regeneration. [23] [24] [25] [26] [27] Among these four genes, we found that miR34a did not inhibit Jag1 3'UTR luciferase activity (Online Figure VA) or protein levels (Online Figures VB and VC) indicating that Jag1 is not a target of miR-34a in our experimental setting. miR-34a, however, effectively reduced protein levels for Sirt1, Cyclin D1 and Bcl2 in both cardiomyocytes in vitro and whole hearts in vivo ( Figures 7A-C, Online Figures VIA and VIB) . Conversely, inhibition of miR-34a by LNA in adult post-MI hearts increased protein levels of all three target genes ( Figures 7D and 7E ). 3'UTR luciferase assays confirmed miR-34a modulation of Bcl2, Cyclin D1 and Sirt1 expression, with loss of miR-34a dependency with selective mutation of the miR-34a binding site ( Figure 7F ). miR-34a mediated downregulation of target genes was rescued via adenoviral mediated overexpression of Bcl2, Cyclin D1 and Sirt1 (Figures 7G-I) . Maintenance of Bcl2 and Cyclin D1 protein levels in neonatal cardiomyocytes preserved cardiomyocyte proliferation and cell cycle capacity as well as protected against cell death mediated by the miR-34a expression ( Figures 7J, 7K and Online Figures VIIA and VIIB). Of note, Sirt1 was effective only in protecting against cell death but not loss of cell proliferation ( Figures 7J and 7K) . Collectively, these results suggest that the down-regulation of Bcl2, Cyclin D1 and Sirt1 may play important roles in mediating the effects of miR-34a on MI cardiomyocyte cell death and proliferation.
DISCUSSION
Recent studies have revealed that neonatal rodent hearts maintain a significant regenerative capacity following cardiac injury, particularly if such injury is imposed within the first few days post-birth. 3, 4, 21, [28] [29] [30] The processes mediating the regenerative capacity of neonatal hearts and the mechanisms by which this regenerative capacity is lost early after birth, still remain unclear. Consistent with prior reports, we found that neonatal hearts less than two days old recovered almost fully from significant MI injury without loss of contractile function and with limited evidence of scarring/remodeling. 4, 31, 32 Prior literature has identified miRNAs as critical regulators of cellular processes including senescence, proliferation and survival. miR-34a levels have been shown to increase in response to the aging process in a number of tissues, including the heart. 16, 17 Our results demonstrate that the expression of miR-34a early post-birth is closely associated with the loss of regenerative potential. Consistent with this observation, antagonizing miR-34a expression in adult mouse hearts markedly improved cardiac repair and post-MI remodeling, whereas increasing miR-34a expression in early post-natal hearts impaired regeneration. Together, our results suggest that miR-34a may represent a critical key regulator of repair/regeneration capacity in the heart, and may be harnessed for enhancing endogenous repair mechanisms in the adult heart post-MI.
The therapeutic effects of miR-34a have been previously examined in the heart with mixed results. 17, 19 Consistent with our findings, miR-34a has been found to be highly expressed in cardiac tissue, and loss of miR-34a improves cardiac function and reduces cell death in aging hearts. 17 Additionally, acute inhibition of miR-34a using LNA or an antagomir delivered intravenously within several hours post-MI also significantly improved cardiac function at two weeks. 17 Other studies, however, have suggested that later delivery of LNA subcutaneously post-MI was only effective when targeting multiple miR-34 family members, but not miR-34a alone, even at a much higher concentration. 19 Our findings are consistent with these reports, with early intravenous LNA targeting miR-34a found to improve post-MI cardiac function. It is likely that the mode of delivery, and subsequent kinetics of miR-34a inhibition, as well as the timing of miR antagonism, dictate the complex post-MI regenerative response. miR-34a was noted in our studies to be expressed in both cardiomyocytes and non-cardiomyocytes, and potential discordant effects in these cells with miR-34a inhibition may further be critical in dictating overall response. In settings of established cardiac injury, it is likely that antagonism of miR-34a alone is insufficient to promote cardiac regeneration, and a more broad inhibition of miR-34 family members is required. 19, 33 Several molecular mediators and signaling pathways have been previously implicated as regulators of neonatal cardiomyocyte regeneration, including miR-15 family members and Yap. 4, 32 Cardiac specific overexpression of miR-195 (a miR-15 family member) impaired neonatal post-MI regeneration with a reduced proportion of mitotic cardiomyocytes. 4 Yap belongs to the evolutionarily conserved Hippo pathway that controls organ size, 34 and has been implicated as a regulator of cardiomyocyte proliferation in both embryonic hearts 35 and adult post-MI hearts. 36 miR-34a shares a number of similarities with these mediators of neonatal cardiac regeneration. Both miR-34 and miR-15 family members have been identified as tumor suppressors, with co-regulation in cancer cells to control cell cycle progression in a synergistic and Rbdependent fashion. 37 Yap inhibits miR-34a processing by sequestering p72 from the microprocessor. upregulated in adult post-MI hearts, with a pattern consistent with other negative regulators of cardiac regeneration, such as miR-15 family members. 4, 39 To further assess the mechanism by which miR-34a regulates cardiomyocyte proliferation and cardiac regeneration, we specifically examined the expression of three miR-34a target genes which have previously been linked to cellular proliferation and/or survival, including Sirt1, Cyclin D1 and Bcl2. Sirt1, a class III histone deacetylase and an age-related protein, has been shown to prevent neonatal cells from death in vitro 27 and to slow aging associated apoptosis and senescence. 26 Cyclin D1 plays important roles in regulating cell proliferation in the developing heart. Overexpression of Cyclin D1 in the adult heart improves cardiac function following ischemic injury via promoting cardiomyocyte proliferation and survival. 24 Bcl2, an anti-apoptotic protein, promotes cell survival in many organs, including the heart. 40 More importantly, Bcl2 overexpression has been shown to promote cardiomyocyte cell cycle activity in postnatal mouse hearts. 23 Our data suggest that the pro-survival functions of Bcl2, Cyclin D1 and Sirt1, as well as pro-proliferative nature of Bcl2 and Cyclin D1 are critical to miR-34a effects, and overexpression of these miR-34a target genes rescue cardiomyocyte cell cycle activity in miR-34a expressing cells.
While our work has suggested that miR-34a is an important regulator of endogenous cardiac regeneration and its inhibition may improve post-MI cardiac repair, the clinical implications remain to be determined. The therapeutic value of miR-34a is further complicated by the expression of miR-34a and potential differing effects in a number of cell types. For instance, given miR-34a's tumor suppressive activity, intravenously delivered liposomal-based miR-34a mimics have entered into Phase I clinical trials as emerging cancer therapeutics. It remains to be seen whether chronic exposure to miR-34a may impact cardiac function in an adverse manner, as has been observed with other anti-cancer therapies.
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None. A to C, Real-time-PCR analysis of miR-34a (A), miR-34b (B) and miR-34c (C) levels in various organs in adult mice. N=4. D, Postnatal day 8 mouse ventricular cross sections were subjected to in situ hybridization using DIG-labeled miR-34a probes (red), anti-cardiac Troponin T (cTnT, green) antibodies as well as wheat germ agglutinin (WGA, white) and Hoechst (blue) showing cardiomyocytes, membranes and nuclei respectively. Representative image of a cross section (Left) followed by a higher magnification picture (Right) of the region indicated by the yellow box. E, Real-time-PCR analysis of miR-34a expression levels in cultured neonatal rat ventricular myocytes (CM; N=5) and neonatal rat cardiac fibroblast (CF; N=5). F, Real-time-PCR analysis of miR-34a expression levels in postnatal day 1 (P1), day 8 (P8) and day 60 (Adult) left ventricles. * P<0.01 vs. P1. N=3 for P1; N=5 for P8; N=6 for Adult. G and H, Real-time-PCR analysis of miR-34a levels at the border area of 1 day, 3 days and 7 days post-myocardial infarction (MI) neonatal (G) and adult (H) mouse hearts. *P<0.05 vs. Sham. N=3 for Neonate Day 1, Neonate Day 3, and Adult Sham; N=4 for Neonate Day 7 and Adult MI. In each of the above real-time PCR analyses, Sno202 RNA was used as an internal normalization control for small RNA. A to C, NRVMs transfected with 20nM NC or miR-34a mimic for 48 hours were harvested for immunoblot analyses using anti-Bcl2 (A), anti-Cyclin D1 (B), anti-Sirt1 (C) and anti--Tubulin antibodies. Results were quantified by densitometry. * P<0.05 vs. NC. N=3 for NC; N=4 for miR-34a. D, Immunoblot analyses in adult 7 days post-MI hearts using anti-Bcl2, anti-Cyclin D1, anti-Sirt1 and anti--Actin antibodies. E, Densitometry quantification of results shown in (D), * P<0.05 vs. LNA-NC. N=3 for LNA-NC; N=4 for LNA-34a. F, Luciferase assays performed with HEK-293 cells co-transfected with luciferase constructs harboring 3'UTR sequences from either wild-type (WT) or mutated (Mut) targets: Bcl2, Cyclin D1 and Sirt1 with or without miR-34a, * P<0.05 miR vs. NC. N=8 for all groups. G to I, 12 to 24 hours after transfection with NC or miR-34a mimic and transduced with adenoviruses: Ad-LacZ, Ad-Bcl2, Ad-Cyclin D1, or Ad-Sirt1, NRVMs were harvested for immunoblot analyses using anti-Bcl2 (G), anti-Cyclin D1 (H), anti-Sirt1 (I), anti--Actin or anti--Tubulin antibodies. J, 12 to 24 hours after transfection with NC or miR-34a mimic and transduction with adenoviruses: Ad-LacZ, Ad-Bcl2, Ad-Cyclin D1, or Ad-Sirt1, NRVMs were treated with 50M EdU for 48 hours. Cells were stained with an EdU assay kit and subjected to EdU positive cardiomyocytes (CM) quantification. * P<0.05 vs. NC. # P<0.05 vs. LacZ. N=5 for all groups. K, 12 to 24 hours after transfection with NC or miR-34a mimic, NRVMs were transduced with AdLacZ, Ad-Bcl2, Ad-Cyclin D1, or Ad-Sirt1 for 48 hours. Cells were stained with a TUNEL assay and subjected to TUNEL positive CM quantification. * P<0.05 vs. NC. # P<0.05 vs. LacZ. N=5 for all groups.
Novelty and Significance
What Is Known?
 Following myocardial infarction (MI), the regenerative capacity of adult mouse hearts is limited.
 Neonatal mouse hearts, however, can mount a robust regenerative response to MI injury leading to cardiac recovery.
 The mechanisms underlying robust cardiac regeneration in neonatal mouse hearts remain unknown.
What New Information Does This Article Contribute?
 microRNA-34a (miR-34a) is highly expressed in adult hearts and is associated with the loss of post-injury regenerative capacity.
 Overexpression of miR-34a in neonatal hearts inhibits cardiac regeneration.
 Suppression of miR-34a in adult hearts increases post-MI cardiac regeneration and function.
 miR-34a modulates cardiac regeneration through targeting of Bcl2, Cyclin D1 and Sirt1 in cardiomyocytes.
The capacity for robust cardiac regeneration in response to injury in neonatal hearts remains among the most promising avenues for understanding endogenous regenerative mechanisms. While microRNAs have been implicated in a number of cellular processes, their role in mediating cardiac regeneration in neonatal and adult hearts remains unknown. In this study, we find that miR-34a is increased in the myocardium soon after birth and is associated with the loss of regenerative capacity. Exogenous expression of miR-34a in neonatal hearts abrogates regeneration, and suppression of miR-34a in adult hearts improves post-injury regeneration and cardiac function. Finally, we find that miR-34a inhibits cardiomyocyte proliferation and induces cardiomyocyte cell death through targeting Bcl2, Cyclin D1 and Sirt1. These results suggest that inhibition of miR-34a may present a therapeutic option to enhance endogenous repair in adult post-MI hearts. 
